Hyperglycemia aggravates brain pathologic outcome following middle cerebral artery (MCA) occlu sion in cats, We presently determined if hyperglycemia during occlusion leads to high lactic acid accumulations in the ischemic MCA territory, We measured brain metab olite concentrations in 14 MCA territory sites at 0,5 and 4 h following occlusion in hyper-(20 mM) and normogly cemic (5 mM) cats and correlated these results with pre vious brain pathologic findings. Hyper-versus normogly cemia during MCA occlusion resulted in significantly higher lactate concentrations in the ischemic territory and more numerous loci with lactates> 17 fJ,mol/g. At 0.5 h of occlusion, ATP levels were lower in normoglycemic cats, while at 4 h, ATP was similarly reduced (40%) in both glycemia groups. At 4 h, PCr was more reduced in hy perglycemics secondary to a greater brain tissue acidosis.
ischemic territories, clip release at 4 versus 0.5 h yields a significantly poorer brain pathologic outcome. Corre spondingly, intracellular pH, calculated from the creatine kinase equilibrium, was more markedly depressed at 4 than at 0.5 h of occlusion, demonstrating a time dependent dissociation between tissue lactate and hydro gen ion accumulations. The present findings show that following MCA occlusion (a) hyperglycemia increases the magnitude and topographic extent of marked tissue lactic acidosis, (b) infarct size following 0.5 h of clip release correlates more closely with tissue acidosis than with lac tate concentrations, (c) ischemic tissue ATP concentra tions correlate poorly with infarct size, (d) normoglyce mia limits lactate accumulation during focal ischemia be cause tissue glucose is depleted, and (e) early during ischemia, tissue buffering or antiport mechanisms may prevent marked increases in intracellular hydrogen ion activity. Key Words: Experimental stroke-Middle cere bral artery occlusion-Hyperglycemia-Cerebral lactic acidosis-High-energy phosphates. strated that serum glucose concentration and tissue metabolic factors also critically influence the brain pathologic outcome from cerebral vessel occlusion. Thus, hyperglycemia triples the infarct size as a re sult of permanent middle cerebral artery (MCA) oc clusion (de Courten- Myers et aI., 1988) . Further more, hyperglycemic cats show marked increases in frequency of hemorrhage into infarcts and in oc currence of marked hemispheral edema, brainstem compression, and death after clip release following 4 h of MCA occlusion (de Courten- Myers et ai., 1989) . Data from clinical studies also suggest that the presence of hyperglycemia during a cerebrovas cular occlusion results in brain edema and ad versely affects patient mortality and morbidity (Candelise et aI., 1985; Berger and Hakim, 1986; Helgason, 1988; Davalos et aI., 1990) .
During exposure to anoxia/ischemia, hyperglyce mic animals develop more marked brain tissue lac tic acidoses (Myers 1979a.b; Myers et aI., 1983; Plum, 1983; Siesjo, 1988; Siesjo et aI., 1990) . Simi larly, humans undergoing stroke experiences who are hyperglycemic develop more prolonged tissue acidoses (Levine et aI., 1988) . Hyperglycemic ani mals exposed to anoxia/global ischemia accumulate lactic acid above concentrations of 17-20 jJ-mollg, which appears to be a threshold that correlates with the development of brain edema and tissue necrosis (Myers et aI., 1983; Plum, 1983 , Siesjo et aI., 1990 . Since hyperglycemic cats show larger infarcts and higher incidences of malignant hemispheral edema, we hypothesized that hyperglycemia during MCA occlusion would lead to higher lactic acid concen trations in MCA territory sites and to an increased geographic extent of loci with lactic acid levels ex ceeding a damage threshold of 17 jJ-mollg.
We tested this hypothesis by measuring brain me tabolite concentrations [lactate, glycogen, glucose, ATP, and phosphocreatine (PCr)] at 0.5 and 4 h of MCA occlusion in 14 sites within the occluded MCA territory and in the corresponding sites in the contralateral hemisphere in normo-(6 mM) and hy perglycemic (20 mM) cats. In addition, in subsets of hyperglycemic cats with lactate concentrations > 17 jJ-mollg in more than five of the 14 sample sites after 0.5 or 4 h of occlusion, we also measured tissue ADP and creatine concentrations for calculation of intracellular pH values (Siesjo et aI., 1972; La Manna, 1987) . We carried out these latter determi nations because the degree of accumulated lactate markedly overestimated infarct size in cats exposed to 0.5 h of temporary MCA occlusion when the threshold value for injury was taken as 17 jJ-mollg. Preliminary reports of these studies have been pre sented elsewhere (Myers et aI., 1989; Wagner et aI., 1989b) .
METHODS

Animal preparation
The surgical techniques for preparing the animals for physiologic monitoring have been described previously (de Courten- Myers et ai., 1988 Myers et ai., ,1989 . In the present study, 2 to 4 kg cats of either sex were deprived of food for 48 h and anesthetized on the morning of the procedure with i.v. or i.p. pentobarbital, 35 mg/kg. Additional 2 mg/ kg doses were administered i.v., twice before MCA oc clusion and 20 min prior to in situ head freezing for me tabolite fixation as described below. All cats utilized for brain metabolite studies remained fully anesthetized throughout the observation period.
J Cereb Blood Flow Metab, Vol. 12, No. 2, 1992 After anesthesia was induced, all animals were intu bated and the endotracheal tube was secured in place with peritracheal ties. Subsequently, the animals were mechanically ventilated with room air using a pediatric respirator. Each animal's right femoral artery was ex posed and catheterized to record blood pressure and heart rate and to sample blood for determinations of re spiratory gas, acid-base and hematocrit values (0.3 ml), and serum glucose concentrations (0.3 mi). Each animal's right femoral vein also was catheterized to infuse glucose or saline solutions and to inject pharmacologic agents. Body temperature was maintained between 38.0 and 39.0°C with a warm water blanket and a radiant heater. A rectal probe continuously monitored the animal's core temperature.
Experimental design
Animal preparation and establishment of control phys iologic values required 1.5 to 2 h. All cats were infused with 0.9% saline or 10% glucose in water 00 ml kg-I h -1 ) for 1 h before MCA occlusion and continuously thereafter until the time of head freezing and animal kill ing at 0, 0.5, or 4 h. Arterial blood samples were with drawn for determinations of respiratory gas and acid base state. The results of these determinations were used as feedback to adjust the respiratory volume and/or rate. Blood withdrawn through sampling was replaced with fresh citrated blood from donor cats as previously de scribed (de Courten- Myers et ai., 1988 Myers et ai., ,1989 .
Middle cerebral artery occlusion
We used the surgical procedures for right MCA occlu sion that were described by O' Brien and Waltz (1973) and subsequently modified by Kamijyo and Garcia (975) . This procedure utilizes a transorbital approach and an operation microscope to identify the MCA through a 4 x 7 mm bone opening fashioned in the posterior roof of the orbit. The MCA was occluded either by ligation using 6-0 silk sutures or by applying an aneurysm clip.
In situ brain freezing A stainless steel, open-bottomed cup was adhered to the head using Dow-Corning silicone grease (Dow Corning Corporation, Midland, MI, U.S.A.). The brains of experimental cats were then frozen in situ by filling the adherent cup with liquid nitrogen as described by Welsh and Rieder (978) . We previously have used this tech nique of head freezing for brain metabolite fixation in cats and other large animal species Myers, 1985,1986; Wagner et ai., 1985 Wagner et ai., ,1989a . This method equates to the "funnel freezing" method as developed for rats by Ponten et ai. (1973) .
Tissue sampling, metabolite extraction, and assay
The frozen heads were stored at -70°C and later were cut into six coronal blocks using a band saw in a room maintained at -20°C. The faces of the coronal blocks correspond to the histologic brain sections utilized for the study of brain pathology in other animals. Ten gray and four white matter tissue samples were taken from widely spaced sites within the drainage field of the occluded MCA. Corresponding samples were taken symmetrically from the nonischemic contralateral hemisphere.
The metabolites were extracted from these brain tissue samples using a standard perchloric acid method as de scribed by Lowry and Passonneau (1972) . The metabolite concentrations were determined using the enzymatic-fluorometric methods described by Lowry and Passon neau (1972) and Passonneau and Lauderdale (1974) as described previously Myers, 1985,1986; Wagner et ai., 1985 Wagner et ai., ,1989a .
The intracellular pH (pHi) was derived using the cre atine kinase equilibrium method (MacMillan and Siesj6 et ai., 1972; Mabe et ai., 1983; Mrsulja et ai., 1986; LaManna, 1987) . This method offers the advantage of directly comparing lactate concentrations and pHi measured in the same tissue samples since the assays related to both determinations are carried out using the same tissue extracts. For these determinations, we mea sured ADP and creatine concentrations in a subset of hyperglycemic cats (in addition to ATP and PCr, which were measured in all animal groups) that had lactate con centrations greater than 17 folmol/g in more than 5 of the 14 MCA territory structures sampled (5 of 10 cats at 0.5 h and 7 of 14 cats at 4 h of MCA occlusion). The concen trations of these components of the creatine kinase reac tion, at equilibrium, reflect the intracellular hydrogen ion activity. The formula expressing this relation is
where K' is the apparent equilibrium constant. The equi librium constant for cat brain creatine kinase was deter mined as described by Mabe et ai. (1983) for rat brain. The constant was calculated by utilizing a normal brain tissue intracellular pH of 7.05 reported for pentobarbital anesthetized cat determined by nuclear magnetic reso nance (NMR) spectroscopy (Komatsumoto et ai., 1987) and by using control metabolite concentrations obtained from 16 sample sites outside the occluded MCA territory in 13 cats in the present study. These "control" metab olite concentrations were similar to those previously re ported for cat brain by our laboratory (Wagner and My ers, 1986; Wagner et ai., 1989a) and others (Welsh and Rieder, 1978 ) (ATP = 2.45 ± 0.05, ADP = 0.352 ± 0.020, PCr = 5.34 ± 0.18, Cr = 6.69 ± 0.35; all values are folmoU g). Under standard conditions, since K' is constant, changes in ratios of the components of the equilibrium should be proportional to pHi (Mrsulja et ai., 1986) . As described by others, we also assumed that the ratio of free to bound ADP and Mg2 + did not change during ischemia.
Cerebral blood flow
Cerebral blood flow (CBF) was measured in a site lo cated near the center of the ischemic territory using the hydrogen clearance method (Aukland et ai., 1964; Pasztor et ai., 1973) . The electrodes used for these determinations consisted of 0.25 mm diameter Teflon-insulated platinum wire (90% platinum, 10% iridium, Medwire Corp., Mt. Vernon, NY, U.S.A.) (Anderson et ai., 1983) . One milli meter of the Teflon insulation was removed at the elec trode tip and the tip was inserted into the middle portion of the middle ectosylvian gyrus through a 1 mm opening in the skull. Electrode stability was insured by dental cement applied to the skuli. CBF was calculated accord ing to the Fick principle from the hydrogen washout curve (Aukland et ai., 1964) . CBF values are presented as percent reductions from the measured preocclusion flow rates.
Statistical methods
In the present study, the metabolite concentrations in sampling sites contralateral to MCA occlusion were com-parable to those values previously reported for gray and white matter samples in control cats Myers, 1985,1986; Wagner et ai., 1985 Wagner et ai., ,1989a . Thus, the metab olite concentrations of loci in the hemisphere ipsilateral to occlusion were compared to the corresponding contralat eral sites that served as an internal controi.
All values are expressed as means ± SD. Significant differences for physiologic variables and metabolite con centrations between animal groups were determined by an analysis of variance [Statistical Analysis System (SAS) General Linear Models procedure] and post hoc Dun can's multiple range test (SAS Institute, 1987). Significant differences in cerebral blood flow, lactate accumulations, and infarct sizes were determined using Fisher's exact test (two-tailed) or Student's t test (see Table 2 and the Results section). Table I presents the physiologic and arterial blood chemical data obtained prior to, at, and fol lowing MCA occlusion in normo-and hyperglyce mic cats. The two experimental groups differed sig nificantly only in their serum glucose concentra tions at the time of and following MCA occlusion ( Table I) .
RESULTS
Physiologic and arterial blood chemical data
Blood flow
Due to the introduction of CBF measurements late in the present study, CBF was determined in a limited number of animals (five hyper-and four nor moglycemic cats). The blood flow as derived at the center of the ischemic territory declined similarly (by 50 to 80% in individual animals) in the normo and hyperglycemic cats measured 0.5 and 1 h fol lowing MCA occlusion (Table 2) . After 3 h of oc clusion, the hyperglycemic cats continued to show an average reduction in flow of 70% while the nor moglycemic cats showed significant (p < 0.05) im provements to an average reduction of 34% (Ta ble 2).
Lactate
Occluding the MCA in both normo-and hyper glycemic cats for 0.5 or 4 h markedly elevated the tissue lactate concentrations of gray and, except for normoglycemic cats at 4 h, white matter structures within the ischemic territory (Table 3) . However, at both 0.5 and 4 h, the hyperglycemic cats showed significantly higher lactate concentrations 0.5-to 2-fold; p < 0.01) in the ischemic territory sites com pared to normoglycemic cats. Furthermore, the hy perglycemic 0.5 and 4 h groups showed a higher proportion of animals exhibiting lactate concentra tion > 17 jJ-mol/g in greater than five of their sam pling sites. Thus, while 6 of 10 hyperglycemic cats exhibited lactate concentrations > 17 jJ-mol/g in greater than five sites after 0.5 h of MCA occlusion, Normogly 0.5 h 5.4 ± 0.5 6.0 ± 0.9 5.9 ± 0.7 Hypergly 0.5 h 5.6 ± 0.6 24.3 ± 6.3* 24.9 ± 6.0* Normogly 4 h 6.1 ± 0.9 7.5 ± 3.2 8.9 ± 4.7 9.7 ± 4.4 10.6 ± 4.7 11.0 ± 5.1 Hypergly 4 h 6.0 ± 1.1 23.7 ± 3.7* 23.1 ± 4.9* 24.2 ± 4.1* 25.6 ± 4.9* 26.4 ± 5.6*
Values are mean ± SD of data from 5 and 10 cats at 0.5 h and 10 and 14 cats at 4 h in normo-and hyperglycemic groups, respectively. Normogly = normoglycemic; Hypergly = hyperglycemic.
* p < 0.01 vs. normoglycemic cats.
none of the 5 normoglycemic cats did so. Similarly, after 4 h of occlusion, while 6 of 14 hyperglycemic cats exhibited lactate concentrations > 17 I-Lmol/g in greater than five sites, only 1 of 10 normoglycemic showed high lactate concentrations. A significantly greater percentage of sampled structures within the ischemic MCA territory in hy perglycemic (54.3 and 33.2%) compared to normo glycemic cats (14.3 and 14.3%) developed lactate concentrations > 17 f,Lmol/g with 0.5 and 4 h of oc clusion, respectively (p < 0.001, Fischer's exact test; N per group in Table 1 ). This greater geo graphic extent of suprathreshold lactic acid accu mulation at 4 h of occlusion correlated with larger infarcts following clip release in hyperglycemic compared to normoglycemic cats (54.0 vs. 9.4% of the MCA territory, respectively; p < 0.02) (de Courten- Myers et ai., 1989) . However, in hyper glycemic cats, the percent of the ischemic MCA territory sites that exhibited high lactate concentra tions after 0.5 h of occlusion greatly overestimated the infarct size developing in corresponding hyper glycemic animals when the ischemic territory was reperfused at 0.5 h postocclusion (54.3% of sites developed high lactate concentrations while infarct size was only 13.3% of the territory) (de Courten Myers et ai., 1990a,b) . This unanticipated finding prompted us to evaluate the intracellular pH values of brain loci as described below.
ATP
Occluding the MCA in normo-and hyperglyce mic cats significantly (p < 0.01) reduced the isch emic territory's ATP concentrations both after 0.5 and 4 h of occlusion in gray, and, except for the 4 h normoglycemic group, in white matter sites in the ipsilateral hemisphere when these values were com pared to those of the contralateral hemisphere (Ta ble 3). However, after 0.5 h of occlusion, the nor moglycemic cats showed more marked reductions in their ischemic territory'S gray and white matter ATP concentrations (by 60 and 43%, respectively, compared to the contralateral control hemisphere's values) than did the hyperglycemic cats for the same structures (by 48 and 35%, respectively; p < 0.01). Furthermore, while in normoglycemic cats 24 of 70 sites (34.3%) exhibited ATP values <0.5 I1mol/g, in hyperglycemic cats only 22 of 140 sites (15.7%) (p < 0.01) did so. Thus, the greater lactate accumulation in ischemic brain sites of hyperglyce mic cats following MeA occlusion was not associ ated with greater reductions in ATP concentrations. Both glycemia groups showed significantly higher ATP levels (p < 0.05) in gray and white matter structures after 4 h compared to 0.5 h of MeA oc clusion (Table 3) . Both glycemia groups also showed similar mean ATP concentrations (Table 3) and percents of sampled brain loci with A TP values <0.5 I1mollg (22 of 140 or 15.7% of loci in normo glycemic and 34 of 196 or 17.3% of loci in hyper glycemic cats) after 4 h of occlusion.
Phosphocreatine
Both glycemic groups showed significantly lower (p < 0.01) control per concentrations in white com pared to gray matter structures (Table 3) . One-half hour of MeA occlusion caused both glycemia groups to reduce significantly (p < 0.01) their per concentrations by similar degrees in occluded MeA territory sites compared to contralateral sites (in gray matter by 54 and 61 % and in white matter by 34 and 47% in normo-and hyperglycemic cats, respec tively). After 4 h of occlusion, both glycemia groups showed significantly higher per concentrations compared to 0.5 h, but the concentrations were still significantly reduced (p < 0.01) in the ipsilateral compared to contralateral gray matter sites. Hyper glycemic cats showed significantly lower (p < 0.05) per concentrations compared to normoglycemic cats.
Glycogen
Normo-and hyperglycemic cats showed similar control glycogen concentrations that were 50% lower in white compared to gray matter structures (p < 0.01). As indicated in Table 3 , 0.5 h of MeA occlusion caused both glycemic groups to reduce markedly (p < 0.01) their glycogen concentrations in occluded territory gray and white matter sites (percent reduction was less in white than in gray matter). These reductions in gray matter sites were much greater in normoglycemic than in hyperglyce mic cats (85 vs. 65%; p < 0.05). At 4 h of occlusion, gray matter glycogen concentrations were signifi cantly higher compared to 0.5 h, but both glycemia groups maintained reduced glycogen concentra tions compared to control values.
Glucose
The infusion of glucose solutions significantly el evated brain tissue glucose concentrations [com pare normo-and hyperglycemic contralateral (con trol) hemispheric tissue sites; Table 3 ]. One-half hour of MCA occlusion caused both glycemia groups to show significant reductions in their brain tissue glucose concentrations (p < 0.01) both in gray and white matter ischemic territory sites and this effect was more marked in the normo-than hyperglycemic cats (p < 0.05). Thus, normoglyce mic cats showed marked depletions «0.5 j.Lmol/g) of their brain tissue glucose concentrations in 24 of 70 (34.3%) sites, while hyperglycemic cats showed such changes in only 7 of 140 (5.0%) sites. Further more, normoglycemic cats showed more marked re ductions in their mean ischemic territory tissue glu cose concentrations (presented as percent of the corresponding contralateral hemispheric sites' val ues) compared to hyperglycemic cats. However, the animals of both glycemia groups showed signif icantly higher (p < 0.01) brain tissue glucose con centrations after 4 h compared to 0.5 h of occlusion both in gray and white matter sites. After 4 h of occlusion, only ischemic gray matter structures of hyperglycemic cats showed glucose concentrations significantly reduced below controls.
Intracellular pH
The percent of brain structures that exhibited su prathreshold lactate concentrations (> 17 j.Lmollg) after 0.5 h of MCA occlusion overestimated the in farct size when infarct size was expressed as per cent of the ischemic MCA territory affected in sur viving animals following clip release. In contrast, the extent of lactate accumulation at 4 h did corre late with infarct size in animals surviving following permanent MCA occlusion. These results suggested that lactate accumulation during the first 30 min of MCA occlusion takes place under different circum stances than during the succeeding 3.5 h. To deter mine whether an early cellular buffering of hydro gen ions may take place to affect early versus late intracellular hydrogen ion activities (pHi) and pos- sibly in this fashion to influence outcome, we mea sured the metabolite concentrations of the creatine kinase reaction of individual loci and used its equi librium constant to calculate the associated pHi'S. The pH/s in samples taken from cats that were found to have lactate concentrations > 17 j.Lmollg in greater than 5 of their MCA territory sample sites were then compared. Although the lactate concen trations were similar in the samples taken from the 0.5 and 4 MCA occlusion groups (Table 4) , the tis sue samples of the 4 h group exhibited significantly (p < 0.05) lower average pHi values. Also, these results demonstrated a doubling of the number of ischemic sites showing pHi values <6.5 between 0.5 and 4 h of occlusion (Table 4 ). These findings clearly show that lactate and hydrogen ions behave independently through time and suggest that the brain more effectively buffers excess hydrogen ions at 0.5 than at 4 h following occlusion. This reduced later buffering ability may explain the sharp in crease in occurrence of fatal hemispheral edema formation in hyperglycemic animals following clip release after 0.5 compared to 4 h of occlusion (8 and 54%, respectively) (de Courten- Myers et al., 1989 Myers et al., , 1990a .
DISCUSSION
Changes in regional brain metabolite concentra tions have been studied in stroke models by other investigators (Ratcheson and Ferrendelli, 1980; Schuier and Hossmann, 1980; Nowicki et al., 1988) . However, our present study differs from these ear lier studies, in that we have compared the effects of MCA occlusion in two glycemia states, normo-and hyperglycemia, both with respect to changes in brain chemistry and also with brain pathologic out comes.
Our previous brain pathologic studies have shown that hyperglycemia during or following ex posure to focal ischemia adversely affects outcome both after temporary or permanent MCA occlusion (de Courten- Myers et al., 1988 Myers et al., ,1989 . The present study's goal was to characterize the brain metabolic alterations that develop during hyper-and normo glycemic MCA occlusion that correlate with this effect of hyperglycemia. We have found that hyper glycemia during focal ischemia markedly increases the magnitude as well as the topographic extent of lactic acid accumulation. Although both normo-and hyperglycemic animals were identified that failed to accumulate lactate to concentrations > 17 j.Lmollg in any of their territory sites, hyperglycemia's overall effect during MCA occlusion was to increase sub stantially the numbers of sites that accumulated lac-tate to these high concentrations. The present re sults show that, while steep reductions in tissue ATP concentrations following MCA occlusion are necessary for brain injury to occur, the absolute extents of these reductions fail to correlate with outcome. Indeed, after 4 h of MCA occlusion, normo-and hyperglycemic cats showed similar re ductions in their ischemic territory ATP concentra tions, yet MCA occlusion release at this time caused 7 of 13 hyper-but only 1 of 12 normoglyce mic cats to develop severe hemispheric edema (de Courten- Myers et aI., 1989) . The development of this marked postrelease edema is associated with total MCA territory infarction, trans tentorial hemi spheric herniation, brainstem compression, and death within 6 to 24 h (de Courten- Myers et aI., 1989) . Marked hemispheral edema also is a major contributor to death in humans during the evolution of stroke (Mohr et aI., 1978; Nadeau et aI., 1988) .
Our present results are similar to those we ob served following animal exposure to global isch emia, where hyperglycemia also greatly accentu ates the extent of brain tissue lactic acidosis and the associated brain pathologic response (Myers, 1979a,b; Myers et aI., 1983; Wagner et aI., 1989a Wagner et aI., ,1990 . Correspondingly, our recent findings in focal ischemia correlate the development of hemispheral edema after blood flow is restored with brain lactate concentrations >20 fJ-mol/g and A TP and PCr values < 1.5 fJ-mollg (de Courten- Myers et aI., 1990a,b) . In both global ischemia and cerebro vascular occlusion, marked brain tissue lactic aci dosis occurs much more frequently in hyper-com pared to normoglycemic cats.
Differences in lactate accumulation within glyce mia groups after MCA occlusion likely reflect the variability in collateral blood flow that is observed between animals (Heiss et aI., 1976; Garcia, 1984) . Such differences in collateral blood flow following vascular occlusion are associated with a wide spec trum of brain metabolic changes that bridge the gap between incomplete and complete ischemia (Ratcheson and Ferrendelli, 1980; Welsh et aI., 1980) . This same variability in metabolic alterations from one animal to another also explains the dichot omous outcome we have observed following clip release after 4 h of MCA occlusion, i.e., some ani mals survive brain intact while others die of hemi spheral edema often accompanied by hemorrhagic infarct conversion (de Courten- Myers et aI., 1989) . Moderate decreases in blood flow alter the tissue redox state (increase the NADH/NAD ratio and the degree of cytochrome aa3 reduction), stimulate gly colysis, and cause the accumulation of lactic acid (Ginsberg et aI., 1976; Kogure et aI., 1980) . Marked decreases in blood flow reduce the energy state, stimulate glycolysis, deplete tissue glucose and gly cogen, and cause a substrate-dependent accumula tion of lactic acid (Kogure et aI., 1974; Welsh et aI., 1980) . The present investigation confirms these and other studies (Sundt and Michenfelder, 1972; Welsh et aI., 1980; Paschen et aI., 1981; Nowicki et aI., 1988) that show that focal, unlike global ischemia (Pulsinelli and Duffy, 1983) , produces a whole range of reductions in A TP concentrations from slight to near total. We would suggest-based on our very small physical sample size-that our moderate ATP reductions occur in the setting of less marked re ductions in blood flow.
ATP is an important regulator of brain glycolysis (Lowry et aI., 1964) . Moderate ATP reductions stimulate glycolysis to some degree and lead to marked accumulations of lactate in the presence of hyperglycemia. Thus, Welsh et ai. (1980) demon strated that, in focally ischemic brain regions, slight to moderate reductions in high-energy phosphate compounds were associated with increased uptakes of radiolabeled deoxyglucose and lactic acid accu mulation. The present results demonstrate that, at ATP concentrations of 1.0 to 1.5 fLmollg, the brain tissue glucose concentrations were 5 and 1.5 fJ-mollg in hyper-and normoglycemic cats, respectively. At the same time, lactate accumulated to 23 and 8 fJ-mollg in the respective glycemia groups. In hyper glycemic cats, the concentrations to which lactic acid accumulated were well above the threshold value for injury to brain. One-half hour of occlusion in normoglycemic cats often markedly reduced the A TP concentrations of ischemic tissue sites and nu merous structures showed marked glucose deple tion. Thus, in many MCA-occluded normoglycemic cats, lactic acid accumulation is limited by the rate of glucose delivery and entry into cells. It should be noted that the thresholds of reductions of blood flow required to induce metabolic changes appear to depend on the serum glucose concentration. Thus, rat cerebral cortex increases its glucose uti lization and reduces its pHi at higher flow thresh olds, i.e., 30 and 63 ml 100 g-I min-I, in hyper compared to 20 and 49 rnl 100 g -I min -I in normo glycemics (Nakai et aI., 1988) .
The present findings indicate that lactate accumu lates to very high concentrations after both 0.5 and 4 h of MCA occlusion in hyperglycemic animals. However, despite the similarly high lactate accumu lations at these two time points, clip release at 0.5 h compared to 4 h is associated with a significantly better brain pathologic outcome (de Courten- Myers et aI., 1989) . To explore a possible basis for this difference, we examined the hypothesis that lactate accumulation and hydrogen ion activities are disso ciated early following occlusion. Indeed, although brain tissue samples at 0.5 and 4 h of occlusion showed similarly high lactate concentrations (Table  4) , the 4 h samples had significantly lower pH/s compared to the 0.5 h samples. This result suggests more effective buffering of hydrogen ions early (0.5 h) compared to late (4 h) following MCA occlusion.
In this regard, Siesjo et al. (1990) recently con cluded that it is necessary that a critical threshold pH value be reached before ischemic tissue injury occurs. This value corresponds to a tissue lactate concentration of 17-20 j.Lmol/g. Because such a pH threshold exists, pH/s that fail to reach threshold will not cause tissue injury. Thus, based on this argument, although hyperglycemia during 0.5 h of MCA occlusion in our cats increases brain tissue lactate to very high levels, injury does not develop with reperfusion. This result appears to be due to a dissociation between lactate and hydrogen ion ac cumulations and a failure of pHi to reach its thresh old value for injury.
The relationships between tissue pH changes and lactate concentrations during and following cerebral ischemia have been examined by a number of work ers. Ljunggren et al. (1974) demonstrated a direct correlation between these variables in a model of complete compression ischemia. Brain lactate con centrations of 4, to, and 20 j.Lmol/g corresponded to changes in tissue pH of 0.2, 0.6, and 1.0 units, re spectively, as calculated from the amount of CO2 that accumulated. Measurements of lactate, pHe ' and pHi during and following forebrain ischemia in rats by Smith et al. (1986) demonstrated unequivo cally that hyperglycemia during incomplete cerebral ischemia increases brain lactate accumulation and enhances both the reduction in pHe and pHi com pared to normo-and hypoglycemia. Ischemic brain lactate concentrations of 10 and 20 j.Lmollg corre sponded to pHi values of 6.37 and 5.95, respec tively. In MCA occlusion in monkeys, Anderson and Sundt (1983) measuring pHi by umbelliferone fluorescence determined that, under halothane an esthesia with lactate accumulations to 20 j.Lmollg, pHi was reduced to 6.22 while lactate accumula tions to to j.Lmollg resulted in pHi'S of 6.46 under pentobarbital anesthesia. These authors also ob served a progressive decrease in pHi following MCA occlusion from control values of 6.98 to 6.75 after 30 min and to 6.46 at 3 h.
Dissociations between lactate concentrations and pH reduction have also been described following ischemia or epilepsy and alkaline tissue pH's have also been reported (Mabe et al., 1983; Siesjo et al., J Cereb Blood Flow Metab, Vol, 12, No, 2, 1992 . Paschen and co-workers (1987) described dif ferences in tissue lactate concentrations and pH for three experimental models, with only short-term global ischemia showing a highly significant corre lation between increases in lactate and decreases in tissue pH. At 24 h following reversible cerebral ischemia, tissue pH was at control values while lac tate concentrations were five times control values. In addition, alkaline pH values were observed in brain tumors in the presence of elevated lactates. Persistent elevations in brain lactate when pHi had returned to normal has also been described by Hope et al. (1988) in lambs after incomplete cerebral isch emia. These authors concluded that since lactate and hydrogen ion concentrations are regulated in dependently, buffering or extrusion of associated protons can result in a dissociation from lactate an ions.
Although the detailed mechanisms involved in the complex regulation of pHi during focal ischemia are presently unknown, it may be that early during ischemia transmembrane ion homeostasis is suffi ciently preserved so that intracellular hydrogen ions that are generated are not only well buffered but activated Na + IH + and HCO; ICI-antiporters may acidify the extracellular space (Siesjo, 1988) . In deed, in the presence of trickle flow, the CO2 formed through shifts in the bicarbonate-carbonic acid equilibrium can leave the tissue, thereby re moving hydrogen ions. Proton clearance through anti port mechanisms are indirectly energy de pendent since the N a + gradient is created by Na +, K + -ATPase activity (Siesjo, 1988) . How ever, with more prolonged ischemia, transmem brane ionic homeostasis may not be preserved, membrane depolarization may occur, and the cells' ability to buffer or actively reduce the accumulated hydrogen ions is lost, thereby decreasing the intra cellular pH. Although we did not determine the pHi in brain samples from normoglycemic cats in the present study, it is likely that the more marked re duction in PCr concentrations in the brain tissue of hyper-compared to normoglycemic cats at 4 h (Ta ble 3) reflects a more marked tissue acidosis and a shift of the creatine kinase equilibrium towards PCr depletion. This conclusion is supported by results from NMR imaging that demonstrate more marked reductions in pHi in hyper-compared to normogly cemic animals (Marsh et al., 1986; Chopp et al., 1988; Nakai et al., 1988) .
